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abstract 

r:K:tre^nü.nr™lrt/«:corr^.t^Lt»r;.so;^:^^-;;-;/3rLr 
geometry, and poUrization potontial h- strength level)steel3 were evaluated. 

207 Ksi strength level) and HP arrJ;h rates were measured at 
Incubation time Cor slow crack growth an ® using change oC resistance 

various combinations of applied stress an notch tensile and cantilever load- 
and compliance measurements on precracked center-notch tensile and 

ed notch bend specimens. 

No basic difference in environmentally-induced failure ^ 

of loading (plane stress versus piare strain) «a defined below which 
addition, a critical stress intensity parameter (KISCC> ”as detinea 

stress corrosion was not observed. 

I„ 4340 steel the variation of incubation time for i"“1^™1^,t°:nCraCk 

growth with changes in the sequence of tormed at the at the 

‘^rThiti^úrr: 
Results of polarization „tp.rta.nt. indicated t^delay.^.U^i; 4340 

steel is consistent with a hydrogen mbr concept of anodic dissolution 
the „P q^u.5 steel however was “ f „râî méchants» of de- 
along active paths. THese differences suggest th.t on. ge ( of hlih. 

layed failure in aqueous environments is not appllcaoie t 

strength steels. 
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of Ahe M||alsj6nd CeraWics Bj^is ionXMAÎK * Air 
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SECTION I 

introduction 

The ability of specific environments to degrade the load carrying capability 

of structural materials has long been recognized. Of prime concern are those 
materials which are susceptible to failure at stresses considerably below their 
design strength when exposed to normal operating environments. For example, 

certain martensitic high strength steels containing a notch can fail within 1U 
minutes at 20% of the yield strength and 50% of the notch tensile strength when 

in contact with an aqueous environment (1)*. 

Although embrittlement due to aqueous environments has been well documented, 

there is still controversy concerning the mechanismCfr) by which delayed failure 
occurs! Mechanistic studies in this area are difficult since the h-rronment 
effects are often confounded by the complexities of normal fracture behavi . 

However, improvement in the methods of analyzing fracture through the use of 
linear elastic fracture mechanics allows the fracture process to be studied on 
a macroscopic basis independent of the influence of specimen geometry ^ects. 
A definition of the events which contribute to fracture, independent of environ 

G.ent, must serve as the logical framework for understanding the process of 
environmentally-induced fracture in martensitic high strength steels. 

The object of this program is to investigate the fundamental factors which 

control environmentally-induced delayed failure in high strength »teels. The 
study is divided into two phases: 1) the influence of environmental variables 

and, 2) the influence of metallurgical variables on the delayed failure 

characteristics of martensitic steels. 

Environmentally-induced failures are characterized by a decreased failure 

time accompanying an increased stress level. Results obtained on a high 
strength steJl exposed to distilled water (1) illustrate the stress dependent 

failure time, as well as the fact that a finite incubation time is required 
before crack growth commences. Although not firmly established, there also 
appears to be a threshold stress level below which no stress corrosion cracking 

is observed. 

Stress corrosion type failure of a particular metal occurs only in specific 

environments and in most cases negligible material loss by gross corrosion is 
incurred. The normal sequence of events leading to stress corrosion failure is. 

1) the metal surface becomes pitted by nonuniform corrosion, 

2) a crack emanates from the pit and undergoes slow growth, 

Numbers in parentheses pertain to references listed on page 54. 

1 



3) the crack reaches a critical size and the remaining metal 
ligament ruptures by purely mechanical fracture. 

The stress corrosion characteristics of high-strength steels have been 

intimately connected with the material’s fracture toughness (2). If a steel 
is tested above its ductile-to-brittle transition temperature, environmentally- 

induced slow crack growth occurs over a relatively large distance before 
catastrophic failure occurs. When tested below the transition temperature, 
significantly less slow crack growth would be observed before total failure. 
The tougher steel may actually have an environmentally-indueted crack growth rate 

which is greater than that of a brittle steel, but the time-to-failure parameter 
would mask the effect and indicate that the brittle steel is more susceptible. 

The experiments conducted in this program are designed to reveal differences 

in crack growth behavior which then may be related to environmental or metal¬ 
lurgical variables. In addition, extensive use is made of fracture mechanics 
analyses to describe the material loading condition and thus separate the stress- 

corrosion effects from those of purely mechanical fracture. 

2 



SECTION II 

MATERIALS AMn TEST PROCEDURE 

A131 -.0 ana » 9-4- - 
.nfluence o£ environment on delay ^ ^ at approximately the 235 Kst tenst e 

Itrength - ïST*™* ' “^'e 
- tensile ^“LÄ^t. are given in l.hle 2. 

The geometry of the smooth sheeï’Ihert’.pKi^t'»"*'”''’^ 
beam specimens are shown in FL^r®®rface af®er heat treatment to remove the slig 
of 0.005 inch ground from eac detected by a Knoop hardness traverse 

decarburized layer (0.003 to . .{SI 4340 sheet. All specimens were given a 
on a cross section of heat treated AISI 4340 sheet ^ parallel to the loading 

finish grind with 100 grit paper with the g ^ at stresses which pro¬ 

direction. Precracking was Performed s (3)# After precracking, 

vided the desired crack size in ’tored 1Vi a vacuum dessicator until 

all specimens were cleaned w „heet specimens were conducted on self 
tested. The sustained load tests of sheet P ^ the ca„tneVer beam specimens mere 

leveling, lever-loaded r“^""xtensl0n lever and appropriate weights. 

stressed by means of simple ^ and ln 1-58 „d 3.0N 

Delayed failure tests were '“'i'^e pUed by attaching a plexiglass- 

NaCl aqueous solutions. EnvironmentS7^!n filling the container with the desired 
neoprene6container to the ^“^^^“pec^n!, the entire gauge length was 
media. In the case of the smooth tens P vicinity of the crack was exposed 

submerged while only otherwtse specified, the environment was 

applied^immediately^before ihe application of the load. 

Crack initiation and erowth characteristics ^"aï^lacement 

monitored by two methods! electrical ele(,trical resistance changes which 
gauge measurements. The tech q £pv0lves making the specimen one leg of a 
has been described previously (4,5) involves *Jncrease ln resistance which 

Kelvin-Wheats tone double.^ld6^napparatus ^schematically shown in Figure 5, « 

capabl^o^detectin^creek0growth extensions greater than approximately 0.00 

The displacement gauge as^thTÍtrborros ion crack gr°w^ 
measuring the change in specimen coopUance Srawley (6,7) except that 
Te technique is similar ^^^^^pUance is measured is 3-1/4 inches so 

the span (gauge length) over c02dated. The sensitivity to crack ex- 

ir:" " ra:ebeasafor the resistance change technique. 

3 
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Figure 1. Smooth Sheet Tensile Specimen 



Figure 2. 

TENSION -TENSION 

FATIGUE CRACK 2a 
(0.3W¿2(¿a4W) 

Center-Notch Specimen Geometry for AISI 4340 Steel. 
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TENSION - TENSION 
FATIGUE CRACK 2a 
(0.3WÍ 2a Í0.4W) 

SHEET THICKNESS -0.060 

REDUCED SECTION 
THICKNESS - 0.050 

Figure 3. 
Center-Notch Specimen Geometry for HP 9-4-45 Steel 
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Figure 5. Schematic Diagram of Resistance Apparatus Used to 
Study Crack Initiation and Growth Characteristics. 
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The eCEect of an impressed polarization potential on delayed failures was 
conducted on center-notched sheet specimens using the electrical circuitry shown 

in Figure 7. Standard dry cells provided the polarizing power. The solution 
potential was measured against a saturated potassium chloride calomel electrode. 
Electrolytic continuity was maintained through a capillary tube with an asbestos 

fiber tip to minimize leakage of potassium chloride solution into the environment 
chamber. A variable bucking potential placed in series with the 0-100 millivolt 

potentiometer in the measuring circuit increased the range of the potentiometer 

while retaining its sensitivity. 

The variable resistor in the polarization circuit was adjusted at the start 

of a test until a stable impressed potential of the desired value was reached. 
Although the electrochemical potential of the specimen surface undergoes changes 
with time due to chemical changes at the specimen surface and electrode polariza¬ 
tion effects, the initial resistor settings were maintained to provide a reference 
position and allow a semiquantitative interpretation of the polarization effects. 

Delayed failure data are presented in terms of both notch tensile strength 
and applied stress intensity factor. The notch tensile strength is defined as 
the maximum applied load divided by the net specimen area for fracture in air. 
The stress intensity factors GO are determined from the following formulae: 

Precracked Sheet Specimen 

(Equation 1) 1.77 P Na 
BW 

K. 
i 

where 

^ is the applied stress intensity factor, 

P is the applied load, 

2a is the crack length, 

B is the specimen thickness and, 

W is the specimen width. 

Cantilever Beam Specimen 

K 
i 

(Equation 2) 

12 



SATURATED KCl 

Figure 7. 
Circuit Diagram for Polarization Studies. 
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where 

K. is the applied stress intensity factor, 

M is the applied moment, 

B is the specimen thickness, 

D is the specimen depth, 

OC is (1-a/D) where a is the crack length. 

The Ki values for precracked sheet specimens (Equation 1) were determined 

by computer calculation. 



SECTION III 

RBSm/rS AND DISCUSSION 

„^,:s :!=ä;s K=3ÄHr=S. 
N.Cl aqueous solutions and determining an applied stress versu 

curve Cor each system. 

A comparison o£ the smooth and precrached 

results was ” of the center-notch sheet and 
stage to the total failure pr ogress state (plane stress versus plane 

strain)0 in fluences^ the'environmental! y-induced'crach^growth 

This portion of the report '“^»^/“"Àr'apUeino™ 
corrosion experiments presented pre om . geometry on the stress corrosion 
influence of environmental variables and specimen geometry on 
process! THe specific test data are summarized in the Appendix. 

1. Delayed Failure of AISI 4340 Steel 

Delayed failure in precrached AISI »40 steel^pncUen. 

as 20¾ of the notch tensile ’ "®hi.d’ffect o£Pchloride content, geometry, 
ment. The following paragraphs discuss tne ettecv 
and ¡trength level on the delayed failure process in 4340 steel. 

A. »f Environment - Distilled water and/*5N. 
aqueous environments were applied at room ambient tempera uc ^ ence of the 

cracked center-notch tensile specimens under stage^ of stress 

fatigue precrack eliminates the pit eallures occurred for both strength 

corrosion and under these condition , V mf,dia Figures 8 and 9 summarize 

levels of the »340 steel in “f^ooth «length level center- 

the delayed failure data for ,, Although several of the specimens failed 
notched tensile specimens respect J' strength material when exposed to 
at significantly shorter times in the^ »«engtn concentration 
the distilled water environment, no consistent effect level had a 

was present at either strengt * eSS ag evidenced by the order of magni- 
large effect on the stress corros P - . d 2o7 ,si strength materials 
tude difference in failure times between tatlure occurred 

=—» 

as a cantilever beam (see Figure • . . .. distilled water and chloride 

stress cotrosio^Ud"^^ledl^t°r produced failure of the beam specimens in times 

:™r. aimo» an oíder of «agnúude less than those obtained in the 1.5» and 

3.ON NaCl solutions. 

15 



N
O

T
C

H
 T

E
N

S
IL

E
 S

T
R

E
N

G
T

H
 

(I
N
 A

IR
) 

I 

% 

X 
«O 

!*)i 'ssaais aanddv 

- oí 

“55 
$00 
^ crt l/» 

Û õ D 
ÏÏ f ¿ 
¡= z z 
^ >n o 
O — ri 

O • • 

3 S 

16 

F
ig

u
re
 
8
. 

D
e
la

y
e
d
 
F

a
il

u
re
 

o
f 

A
IS

I 
4

3
4

0
 
S

te
e
l 

¢
2
3
5
 

K
si

 
S

tr
e
n
g
th
 
L

e
v
e
l)
 

C
e
n
te

r-
N

o
tc

h
 
S

p
e
c
im

e
n

s.
 



O
T

C
H
 T

E
N

SI
L

E
 S

T
R

E
N

G
T

H
 

IN
 

A
IR

 

N| /1.1)1 - (I» aOlDVJ A1ISN31NI SS3H1S 

a 8 3 s 

tn 
& 

• 
O (0 
<N C 
w 4) 

i 
r-t •*-* 

41 U 
O 0) 
4J (X 
C/3 C/3 

o x: 
o 

ro +J 
^ o 
M5? 
52 Ö 

; § 
O U 
<D 
U i-i 
3 ÿ 

•*-» 0) 
ns »J 

fcx: 
TJ «P 
0) t>0 
« ë 

w 
w 

41 
U 
3 bO 

17 



CO 
LU 

5 
z 
i 

H3NIy«, M '(!)l) À1ISN31NI SS3«iS 1VI1INI 

J2 

«JO 
c a) 
k> 
*-» • 
CO «1 

e 
• r-4 01 

CO g 
-rJ 
U 

lO (U 
n ex 
es co 

■O 
f c a) ai 
o oo 

4-1 
CO X 

U 
O 4-1 

âé 
^ T3 

O 
T3 
<0 

«S 
eu 
O 14 

B ai > 
u ai 
a <-• 

m e 
b fl) 

O 
•O 
1) /-N 
>» rH 
«d û) rH > 

Í2 

ai 
u 
3 
00 

18 



The concentration cf chlorides above 1.5N apparently had little significance 
on the fracture characteristics and the data for the 1.5N and 3.ON solution ex¬ 

hibited identical failure behavior. 

The retarding effect of chlorides in the aqueous environment observed in the 

cantilever beam tests on the 4340 steel also occurred in tests of smooth tensile 
specimens which were exposed to all three environments at stresses from 0.9 to 
1 0 times the yield strength (see Table 3). Failures occurred in slightly more 
than 500 hours for only those 235 Ksi strength level specimens exposed to dis¬ 
tilled water at stresses of 1.0 and 0.96 times the yield strength. In chloride 
solutions, more than 800 hours were accumulated with no failures. One specimen 
cf 207 Ksi strength level material logged over 900 hours in distilled water at 
the yield stress with no failure. The smooth specimens which did not fail were 
unloaded and subjected to metallographic examination. Photomicrographs depicting 
representative environment-specimen interfaces in the 235 Ksi strength level steel 

exposed to distilled water and 3.ON NaCl are shewn in Figure 11. A slightly more 
irregular interface and some intergranular cracking was produced by distilled 
water (Figure Ilf'». These data indicate that the chloride content retards the 

crack initiation phase of the stress corrosion process in 4340 steel. 

The very large difference in failure times between the precracked and smooth 

sheet specimens indicates the significant contribution which the presence of a 

defect has on the overall failure process. An indication of the size of the 
defect produced in the smooth specimens is given in Figure 12 which shows the 

fracture surface of a specimen (235 Ksi strength level) that failed after 510 
hours in a distilled water environment at an applied stress that was 0.96 of the 

yield strength. 

The fracture surface of the 4340 specimens in both the sheet and bend 
ecimens consisted of three distinct regions; the fatigue precrack, the slow 

ei ironmentally-induced crack growth, and the rapid terminal crack propagation. 

An illustration of the failure mode in 4340 bend specimens, broken in air and in 
a distilled water environment, is presented in Figure 13. The stress corroded 
region has a surface which is considerably rougher than the fast fracture area. 
Hie center-notch specimens showed a comparable fracture morphology with the ex¬ 
ception that the fast fracture occurred ptedominantely by a slant mode. In the 
cáse of ti.e stress corrosion phase of the crack extension, the irregular surface 
could be directly related to the tendency of the main crack to branch during the 

propogation sequence. 

B. Influence of Specimen Geometry •• Comparisons of the delayed failure 
characteristics of the 4340 steel as a function of the specimen type are presented 
in Figure 14 for the three environments. The results indicate that at a specific 
value of the applied stress intensity parameter (Ki), the cantilever beam specimens 

produced failures in significantly shorter times than the center-notched sheet 

specimens. The critical stress intensity parameter, designated as KISCc 
be^ow which delayed failure was not observed was comparable in both specimen types. 

On this basis, stress corrosion data obtained on precracked sheet specimens 

can be used along with the appropriate fracture mechanics analysis to define the 
lower limit of environmentally-induced failure in other specimen types. The results 
also suggest that the initiation of environmentally-induced crack growth is governed 

by plane strain conditions at the specimen midplane. 
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TABLE 3 

SUMMARY OF DELAYED FAILURE TESTS 

ON 
AISI 4340 STEEL SMOOTH SPECIMENS 

Material 
Condition 

500*F Temper 
500°F Temper 
500*F Temper 

Environment 

Dist. Water 
Dist. Water 
Dist. Water 

Applied Stress-to- 

Yield Strength Ratio 

1.0 
0.963 
0.950 

500°F Temper 1.5N 
500*F Temper 1.5N 
SOO'F Temper 1.5N 

500°F Temper 1.5N 

NaCl Aqueous Solution 
NaCl Aqueous Solution 
NaCl Aqueous Solution 
NaCl Aqueous Solution 

1.0 
0.975 
0.963 
0.90 

500*F Temper 3.ON NaCl Aqueous Solution 
500°F Temper 3.ON NaCl Aqueous Solution 

1.0 
0.963 

700 F Temper 
700°F Temper 

700°F Temper 

Dist. Water 

Dist. Water 
Dist. Water 

1.0 
1.0 
0.975 

700*F Temper 3.ON NaCl Aqueous Solution 0.975 

Failure 

Time 

523 
510 
210 NF* 

234 
234 
810 

880 

640 

809 

189 

916 
215 

881 NF 

* NF - Indicates no failure 

20 



UNETCHED 250 X

2% NITAL ETCH 500 X

(a) DISTILLED WATER ENVIRONMENT, <rA = M0.5 ksi

UNETCHED 250 X

2% NITAL ETCH 500X

(b) 3.0 K' NaCI ENVIRONMENT: <r A = 200.6 ksi

Figure 11. Corrosion oE AISI 4340 Steel (235 Ksi Strength Level) 
Under an Applied Stress and Exposed to a) distilled 
water, and b) 3.0 N NaCl Solution.



Stress Corrosion Crack

Figure 12. Fracture Appearance of 4340 (235 Ksi Strength Level) 
Smooth Specimen which Failed After 510 Hours at an 
Applied Stress of 0.96 of the Yield Strength, Distilled 
Water Bivironment, Room Temperature Test.



t Fatigue Precrack

Fast Fracture

Air Environment 
K = 73.3 Ksi Vin.

Figure 13.

1

Distilled Water
Environme-nt
K. = 62.2 Ksi VIn.

L

Fatigue Precrack

Slow Crack Growth,
Environmentally-Induced

Fast Fracture

Fracture Appearance of 4340 Cantilever Beam Bend Specimens, 
(235 Ksi Strength Level).





The critical stress value below which delayed failures are not observed 
should be dependent on the absolute value of the stress intensity parameter, 
thus producing a characteristic K];sCC value. The time to failure, however, 
should be more directly related to the ratio of the applied stress intensity to 
the stress intensity at failure (K/Kc), since this parameter controls the total 
degree of slow crack growth that can be tolerated. i>lot of the delayed E«^ure 
characteristics of 43^0 steel as a function of the K/Cc ratio is shown in Figure 
15. With the exception of the failures of cantilever beam specimens in the dis¬ 
tilled water environment, the failure times for both specimen types defined a 
reasonably consistent curve when plotted as a function of the yKic ratio. At 
present no explanation is available for the difference in behavior between the 
center-notched and cantilever beam specimens exposed to the distilled water 

environment. 

2. Delayed Failure of HP 9-4-45 Steel 

A. Influence of Bwironment - Distilled water, 1.5N and 3.ON NaCl aqueous 
environments were applied at room ambient temperature to fatigue precracked center- 
notch tensile specimens at constant load. Delayed failures were realized in all 
environments anü the data are solarized Ln Ftgure 16. With a tew exception, the 
distilled water and NaCl solution test data formed separate curves below 150 Ksi. 

Failures were produced in less than a minute at stresses greater than 92% of 
the notch tensile strength, which is about 60,000 psi below the yield »trength 
for 9-4 steel at the 650 temper condition used in this study. Below 89% of the 
notch tensile strength, environmentally-induced failure did not occur in mos 

cases until at least 750 minutes. 

Delayed failure curves for 9Ni-4Co steel under plane strain conditions 
(cantilever beam notch bend tests) are presented in Figure 17. The plane strain 
data show much wider scatter than did the plane stress data (cf ^; * 
However, the same general feature - failures occurring after abou 
below 90% of the Kjq - was observed. 

In general, the higher chloride content solutions were more aggressive toward 
HP 9-4 steel than distilled water. This trend was quite definite m the center- 
notched sheet specimens but, because of the data scatter, was not as well defined 

for the notch bend tests. 

Hie tendency for scatter to occur in the notch bend specimens of the HP 9-4 
steel could be directly related to the unique crack morphology present in this 
material. Slow crack growth seemed to emanate from a point source (or sources) 
along the precrack front. Examples of this failure characteristic are »hownin 
Figures 18 and 19. The specimen in Figure 19 is particularly effective in showing 
a stress corrosion crack which initiated at a point along the fr°nt of the pre 
crack and propagated beneath the precrack until the specimen could no ionger 
sustain the load. The fact that the stress corrosion cracks in HP 9-4 steel did 
not propagate uniformly, plus the observation that the failure process seemed to be 
strongly dependent on isolated events at the crack tip, explain the increa e 
scatter in the HP 9-4 steel data. 
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Level) Cantilever Loaded Notch Bend Specimens. 
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Slow crack 
initiation
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Precrack

Slow Crack 
Growth

Fast
Fracture

a. Ki - 49.0 Ksi ^/in, failure time - 3822 minutes, distilled 
water environment.

b. Ki - 50.5 Ksi /liT, failure time - 1620 minutes, 3.0 N NaCl 
environment.

'igure 18, Examples of Fracture Surfaces of HP 9-4-45 Steel, 
Notch Bend Specimens.
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Crack Initiation

Figure 19. Fracture Surface of m 9-4-45 Steel Notch B^d Specimena; 
* - 51.6 Ksi V^nch, tf - 636 minutes, 3.0 N NaCl

Environments.



Smooth tensile specimens of HP 9-4-45 steel were exposed to all three 
environments at stresses in the range of 1.00 to 1.05 times the yield strength. 

Failures occurred at about 660 hours in distilled water, at about 6 ours in 
1.5N NaCl and at about 500 hours in 3.ON NaCl (see Table 4) for specimens stressed 
above the 0.2% offset yield strength. This indicates an agreement with the pre¬ 
cracked data that the chloride solutions are more corrosive than distilled water, 
and that the higher the chloride content, the more agressive the solution (as far 
as the pitting and crack initiation phases of stress corrosion cracking in 9NI- 

4CO steel are concerned). In this respect the behavior of the HP 9-4 steel 
differed from the 4340 steel where the distilled water environment was more de¬ 

grading. 

B. Influence of Specimen Geometry - The delayed failure curves are presented 

as a function of the applied stress intensity parameter Ki in Figures 20, 21 and 

22. The KISCC parameter is not defined for the center-notched specimens and in 
the case of the notch bend tests, a rather wide scatter band between 30.0 and 40.0 
Ksi */~Tñ. occurred. The similarity between the failure times produced in the 
center-notched sheet and notched bend specimens when presented as the KiAc ratio 

is shown in Figure 23 for each of the environments evaluated. Although a consider¬ 

able scatter exists, the conclusion obtained from the 4340 steel data that the 
Ki/Kc ratio defines failure times which are relatively insensitive to specimen 

geometry, also applies for the HP 9-4 steel. 

A comparison of the delayed failure characteristics of the HP 9-4 and 4340 

steels based on the Ki/Kc ratio is shown in Figure 24. At a given value of this 
ratio, the time to produce failure in the HP 9-4 steel with a higher alloy content, 
yet approximately the same fracture toughness, is almost two orders of magnitude 

greater than in the 4340 steel heat treated to a comparable strength level, me 
results tend to indicate, however, that the ratio below which failure does not 
occur may be comparable lor both materials. Crack growth curves to be presented 
in the next section will show that the extended failure time which occurs in the 
HP 9-4 material is a result of both an increased incubation time preceding crack 

growth and a slower crack growth rate. 

3. Crack Growth Behavior 

Slow crack propagation characteristics in 4340 steel center-notch specimens 

were measured using resistance techniques. Discontinuous crack growth was observed 

in all instances and an incubation time was often required before slow crack 
growth initiated. The influence of environment (0 and 1.5N NaCl solutions) on 
the crack growth characteristics of the 235 ksi strength level 4340 is s own in 
Figure 25 for a constant applied stress. No significant variation in crack grow 

characteristics was observed. 

A comparison of the crack growth kinetics for the two strength levels of 4340 

steel is given in Figure 26. At an applied stress level of approximately 100 Ksi, 
neither material showed a distinct incubation time, however the steel at the 207 
Ksi strength level exhibited a much lower crack growth rate and distinct dis¬ 
continuous periods where the cracking temporarily stopped for several minuses. 

The crack growth rate studies indicate that the increased failure time present 
in the 207 Ksi steel could not be accounted for solely by the fact that the crack 
had to grow a larger distance prior to rapid fracture. The differences in strength 
level had a very definite influence on the rate of stress corrosion cracking, as 
well as the critical crack size. An example of the crack growth curve obtained 
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1 
TABLE 4 

SUMMARY OF DELAYED FAILURE TESTS 
' ÕT 

HP 0-k-liS STKEL SMOOTH TENSILE SPECIMENS 

Applied 
Stress 

222.9 

230.0 

Bwironment 

H2° 

H2° 

Failure 
Time 

(Hours) 

505 NF* 

661 

ÎÆ X2- 

1.00 

1.03 

222.9 1.5N NaCl 
Aqueous Solution 505 NF 1.00 



Figure 20. Delayed Failure of HP 9-4-45 Steel as a Function of 
Applied Stress Intensity - Distilled Water Environment. 
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Figure 25. Slow Crack Growth ~ aracteristica of AISI 4340 Steel 
(235 Ksi Strength Level) Center-Notch Tensile Specimens 

in both Distilled Water and 1.5 N NaCl Solution. 
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Figure 26. Variation of Crack Growth Behavior for 4340 Steel as a 
Function of Strength Level» 160 Ksi Applied Stress, 

Aqueous Environment. 
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from compliance measurements on HP 9-4-45 steel is shown in Figure 27. When 
compared to the 4340, the HP 9-4-45 steel exposed to the aqueous environments 
exhibited a relatively long incubation period prior to the initiation of slow 
crack growth. The crack growth was also characterized by discontinuous crack 
extension where appreciable time periods existed with no crack extension, followed 

by a rapid burst of crack growth. 

In the precracked sheet specimens tested at lower values of applied stress, 
the delayed failure sequence consisted first of an incubation period where no 
crack extension was produced. This period was then followed by a macroscopically 
slow growth which led to total specimen failure. At the higher values of applied 
stress, no incubation period preceding crack extension was observed. In order 
to gain additional insight into the factors that were controlling the crack growth, 
tests were conducted on 4340 sheet with particular emphasis on the reversibility 

of the incubation time. 

In these tests, specimens were exposed to a water environment and load for 
a time sufficient to allow some crack growth. The load and water were then re¬ 

moved and the specimen was aged at room temperature. Under these conditions 
(shown in Figure 28) there was some recovery of the incubation time. The test 
sequence was then varied to include aging in the water environment without load 
and aging under load without the water environment. When the water was present 

without a load, no recovery in the incubation time occurred during subsequent 
testing. When the load was present during aging, without the environment, the 
subsequent incubation time was considerably extended (see Figure 29). 

The results of the aging studies suggest that the incubation period repre¬ 
sents the time required for the environment to permeate (or dissolve) a film 
which is formed at the crack tip between the precracking and testing operations. 
At high values of applied stress the film cracks, the environment is in immediate 
contact with the metal, and no incubation time is observed. At lower values of 
applied stress, the film is only partially cracked and a certain incubation time 
is required for the environment to contact the crack tip. When the load and 
environment are removed, the film reforms and on subsequent testing, a secondary 
incubation time is observed. In the case where the aging is performed under the 
load without the environment, the film which forms is not ruptured by a subsequent 
load application and the environment must then permeate through the complete film 

which produces an increase in the incubation time. 

The model indicates that the incubation time and the total failure time can 
be significantly extended by aging under load prior to the application of the 
environment} however, the crack growth period should not be influenced. The 
results of a test conducted under these conditions are shown in Figure 30. 
Aging under load prior to the application of the environment extended the in¬ 

cubation period by over an order of magnitude. The total failure time was also 
extended by this amount; however, the crack growth period was not influenced. 
The data indicate that the incubation period is caused by film formation which 
protects the metal from the environment. This film, once destroyed or permeated 
by the environment»does not reform during the stress corrosion process and 
apparently has little influence on the subsequent crack growth mechanism. 
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Figure 27. Example of a Crack Growth Curve Obtained from Compliance 
Measurements on HP 9-4-45 Steel in Distilled Water at 

120 Ksi Applied Stress. 
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1600 
DISTILLED WATER 

Figure 28. Recovery of Incubation Time during Aging; 4340 Steel, 
(235 Ksi Strength Level.) 



Figure 29. Increase in Incubation Time Produced by Aging Under 
Load; 4340 Steel (235 Kai Strength Level.) 

43 



Figure 30. Extended Incubation Time Produced by Aging Specimen 
Under Load Prior to Application of an Environment; 
4340 Steel (235 Ksi Strength Level.) 
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Crack growth measurements were made on the notch bend specimens to determine 
incubation times Cor slow crack growth. A typical curve is illustrated in Figure 
31. The incubation times exhibited considerable scatter, so no definite relation¬ 
ship between incubation time and applied stress was apparent. For most tests, the 
incubation times were short (less than 10 minutes) and therefore contributed little 
to the observed failure times. These results are consistent with the concept 
developed from crack growth studies in center-notch specimens which involved film 
formation at the crack tip between the precracking and testing operations. If 
this film becomes very thick or is not ruptured upon application of the load, the 

incubation time (and failure time) can be extended as a result of the time required 
for the environment to permeate the film and initiate the stress corrosion process. 

The extended incubation time present in the HP 9-4-45 steel studies suggests 
that the film formed in the higher alloy material is more impervious to penetration 
by the environment. The presence of such a film could aid in explanation of the 
unique fracture propagation mode observed in the 9-4 steels. If the film were 

penetrated at a point on the fatigue crack front, the subsequent crack propagation 
would be expected to be relatively rapid at that point while the remainder of the 
crack would not extend due to the protective nature of the film. The presence of 
a more protective film and its contribution to an extended incubation time does 
not represent a complete description of the improved resistance of the HP 9-4-45 
steel to environmentally-induced failure. Once crack initiation occurs, for 
example in the center-notch specimen shown in Figure 27, the crack growth rate 
is still an order of magnitude slower in the 9-4 steels than in the 4340 alloy. 

An analysis was conducted on the influence of applied stress intensity factor 
on the environmentally-induced crack growth rate. In a given specimen, the applied 
load is constant, hence the applied stress intensity factor (K.) increases during 
the test due to the crack extension. Using resistance measurement,data, curves 

relating crack size to exposure t' ’e~ were constructed for several center notched 
4340 specimens (235 Ksi strength K .el) exposed to a distilled water environment. 
The slopes of these curves, which represent the instantaneous crack growth rates 
(da/dt), were graphically determined at several values of crack length and in this 
manner the relationship between crack growth rate and applied stress intensity 
factor could be determined. Results obtained on two specimens are presented in 
Figure 32 along with data published by Johnson and Willner for H-ll steel (9). 
For any given specimen, the crack growth rate was directly proportional to the 
applied stress intensity factor , in agreement with conclusions presented by 
Johnson and Willner. However, the actual value of crack growth rate also varied 
significantly from specimen to specimen and was not a unique function of the 
stress intensity parameter, (i.e. compare Specimen 5-147 to 5-162 in Figure 32). 

4. Effect of Inhibitors 

Sodium dichromate is often used as an inhibitor to decrease the suscepti¬ 
bility of steels to corrosion or stress corrosion. The results of several ex¬ 
periments to determine the effect of sodium dichromate (Na2Cr04) on the delayed 
failure of 4340 notch bend specimens are summarized in Table 5. When these data 
are compared with the data in Table 9,*it is apparent that dichromate can extend 
the time to failure by two orders of magnitude at any value of K¿ in distilled 
water, but does not appear to have as significant an effect in 1.5 N and 3.0 N 
NaCl solutions. 

* See Appendix. 
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Inhibition by dirhromate occurs either through stabilization of the 8,jrface 

oxide film or through a reduction of the aggressiveness of the solution. “ the 
former is the active mechanism, crack growth curves should show a considerably 
extended incubation time and little effect on crack growth rates. If, however, 
the solution is made less aggressive by the of dichrornate, both t e 
incubation time and slow crack growth rate should be effected, ^appears from 

the data obtained to date that dichromate acts to stabilize the surface 
since the failure times at lower applied stress intensity <where rupture t 
film at the tip of the crack may not be completed upon application of the loadJ 

are extended at an increasing rate with decreasing 

5. Effect of Impressed Polarization Potential 

Studies of the effect of an externally impressed polarization potential were 

conducted on 4340 steel (235 Ksi strength level) center notched specimens at 
50,000 psi applied stress. The results indicate that no appreciable cathodic 
protection occurs in either distilled water or 3.ON NaCl solution, see Figure 
33 Decreased time to failure caused by hydrogen embrittlement occurred above 
loi in distilled water and above 250 »llUvolt. In .0» NaCl sole ton. 

Visible hydrogen generation on the specimen surface occurred at about 300 milli¬ 
volts in both environments. Tne presence of chlorides appears to retard the 
stress corrosion process at all levels of impressed polarization potential in the 

range 200 millivolts anodic to about 600 millivolts cathodic. 

The effect of an impressed polarization potential on the delayed failure of 
HP 9-4-45 steel (242 Ksi strength level) at 120 Ksi applied stress is summarized 
in Figure 34. Cathodic protection occurred at potentials between 0 and -JOU 
millivolts in both distilled water and 3.ON NaCl solution, while acceleration due 
to^hydrogen^embrittlement occurred at larger cathodic potentials. Stress corrosion 

at an irjreased rate occurred with the application of an anodic potential. The 

load bearing area of the specimen tested at +190 mv. in 3.ON NaCl solution was 
recced by 26% during the test because of accelerated corrosion at the free surfaces. 

The results indicate that the HP 9-4-45 steel behaves according to the classic 

stress corrosion mechanism which involves anodic dissolution along p^eCer®n^ ® . 

paths in the metal. Acceleration of the corrosion process oc^r® wh®; 
potential is applied to the specimen/electrolyte system and cathodic Protection 

occurs with relatively small impressed cathodic potentials. As the cathodic 
potential is increased, liberating more and more hydrogen at the specimen surface 
due to an electrochemical reaction between the steel and the water, hydrogen 

embrittlement begins to cause a decrease in failure time. 

The 4340 steel, however, does not follow this behavior in either water or 

3N NaCl solution. This indicates that a single mechanism, such as hydrogen 
embrittlement, is responsible for stress corrosion of 4340 at all impressed 

potentials below +300 millivolts. 

The electropotential studies show that two distinct mechanisms - anodic 
dissolution and hydrogen embrittlement - can operate in the high 8«eugth steels 
depending on the specific steel alloy involved. The role of specific variables, 
such as impressed potential, environment content, and material composition requ e 

additional study to determine the conditions which determine when a specific 

mechanism becomes operative. 

49 



sainiMiw 'awn aamivd 

S 

X) 
t) 

z 
<0 <-■ 
F- 4) O 
0) > • 

¢3 (U n 

e -O 
0 £ c 

4-1 (0 
r-4 00 
tfl c u 

•r4 0! 0) 
M *J • 
4-) to n 
to » m 

4-> 0) 
O tJ u 
Pt 0) 0) 4-) 

f-4 CO 

S in 'O 
■r4 <n 4-) 4) 
4J (N tn •-• 
to N-/ )-4 
N Q O. 

--4(-1 D. 
U 4) 
to 4) 

(-4 44 
O CO 

* o 
TJ 4t 
4) tn 
O) ^ 

4) 

I 
<44 

tu O 
o 

41 
44 14 
U 3 
4) 

tu 
tu to 
U b, 

c < 
H-t 

--4 
a to 
C K 

S o 
--3 m 

g 44 
O. CO 

Í3 w c 

^ -g -2 

o a 
* n I o 

gw 

•u c u 
cSá 

tn 
tn 

4) 
U 

ä 
--4 
Cu 

50 



F
A

IL
U

R
E
 T

IM
E

, 
M

IN
U

T
E

S
 

POLARIZATION POTENTIAL, MILLIVOLTS 

Figure 34. 
Effect of Impressed polarization Potential on Delayed 

Failure of HP 9-4-45 Steel (242 Ksi Strength Level) 
Center-Notch Specimens in Distilled Water and 3.0 N 

NaCl Solution at 120 Ksi Applied Stress. 
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SECTION IV 

SUMMARY AND CONCLUSIONS 

The delayed failure characteristics of 4340 and HP 9-4-45 steel in distilled 

water, 1.5N, and 3.ON NaCl environments were evaluated using smooth tensile, pre¬ 

cracked tensile, and cantilever beam precracked specimens. Delayed failures 
occurred in both materials at the 235 to 245 Ksi tensile strength level in all the 
environments evaluated. Hie presence of a precrack decreased the failure time by 

at least three orders of magnitude and extended the stress range over which failure 
occurred to values as low as 20% of the conventional notch tensile strength measured 
in air. A comparable stress intensity parameter below which delayed failure did 
not occur (Kiscc> defined with both the sheet and beam specimens. At a g^en 
stress intensity parameter, the failure times for the beam specimens (plane strain 

conditions) were less than for the sheet specimens. However, the failure time 
curves for both specimen types could be normalized when the applied stress was 
plotted as the ratio of applied stress intensity parameter to the critical stress 

intensity parameter obtained by testing in air (1^Ac). These results indicate 
that there is no basic difference in the environmentally-induced failure mechanism 

under plane stress or plane strain conditions. 

In the 4340 steel there was a tendency for the distilled water to be 
aggressive than the environments containing chlorides. The tests on the 9 5 
steel showed the reverse effect as the failure times were decreased in the smooth 
sheet precracked sheet, and precracked beam specimens by the chloride additions. 
The effect of impressed polarization also was different for the two steel types. 
The application of a cathodic potential on the 4340 steel produced a decrease in 
the failure times in both distilled water and chloride environments. This behavior 

was consistent with a hydrogen embrittlement failure mechanism. In the HP 9- 
steels however, the application of a Slight cathodic potential produced an increase 
in failure times (cathodic protection). Further increases in the cathodic potential 

accelerated the delayed failure process by inducing hydrogen embrittlement. The 

results obtained on the 9-4 steel indicate that anodic dissolution is the pre¬ 

dominant mechanism of stress corrosion in this material. 

Crack growth curves were evaluated with particular reference to the factors 

that control the incubation time which precedes the initiation of slow crack 
growth. As a result of a series of aging and reversibility studies, the incuba¬ 
tion time for 4340 steel was defined as the time required for the environment to 

permeate a film that is formed at the crack tip subsequent to the precracking 
operation. By aging under load prior to the application of the environment, the 

incubation time for 4340 steel could be increased by at least an order of magni¬ 
tude while aging in the environment prior to applying the load could eliminate 
the incubation time. Once the crack was initiated, the crack growth rate was 
independent of the prior loading and aging sequence. On this basis the film 
formation controlled the incubation behavior but not the crack propagation sequence. 
The variation in delayed failure susceptibility between the 4340 and 9-4 steels 
could not be explained solely on the basis of possible differences in incubation 
time. In the 9-4 steel, the incubation time was not only considerably extended, 
indicating a more resistant film, but the subsequent crack growth rate was also 

significantly slower. 
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The difference in behavior between the 4340 and HP 9-4 steels in terns of 

reaction to impressed potential and chlorides in solution indicates that general 
mechanism of delayed failure in aqueous environments may not be applicable to all 

classes of high strength steels. 

A few critical experiments are being run to confirm the concepts of stress 

corrosion developed during the first year's effort. The second year s program 
will be concerned primarily with the determination of the effect of metallurgical 
variables, such as chemical compositions and metallurgical structure on the delayed 

failure process in martensitic high strength steels. 
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TABLE 12 

DELAYED FAILURE OF AISI 4340 ^ R.l STRTOO™ 
LEVEL) CENTER NOTCH SPECIMENS. 

IN DISTILLED WATER AT 50 Ksi APPLIED STRESS 



table 13 

DELAYED FAILURE OF AISI 4340 STEEL (235 Ksi STRENGTH LEVEL) 
CENTER NOTCH SPECIMENS. POLARIZATION STUDIES IN 3.ON NaCl 

AQUEOUS SOLUTION AT 50 Ksi APPLIED STRESS 

— 

Initial Plane 
Stress Stress 
Intensity, Kj 
(Ksi ^inch) 

Polarizing Potential; 
(Vi - vN) 

(millivolts) 

Failure Time 

tf 
(min) 

Final Crack 
Length 

(2 af) 

Final Plane 
Stress Stress 
Intensity, Kcf 
(Ksi NTncTt) 

36.0 

36.2 

36.3 

36.2 

36.2 

35.9 

36.4 

36.0 

35.6 

36.2 

36.3 

36.1 

36.1 

+200 

+150 

+90 

0 

-40 

-49 

-54 

-79 

-90 

-145 

-264 

-290 

-337 

-854 

147.0 

l'*9.4 

150.6 

180.0 

122.4 

116.4 

141.0 

109.2 

162.6 

133.2 

104.4 

59.4 

61.5 

25.8 

1.589 

1.537 

1.602 

1.631 

1.635 

1.697 

1.669 

1.650 

1.530 

1.650 

1.658 

1.601 

1.539 

1.706 

83.0 

85.1 

89.1 

89.4 

98.4 

92.3 

90.5 

77.7 

90.1 

92.4 

84.1 

78.4 

102.1 
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TABLE_* 

— r»a TiTiPF OP HP 9-4-45 STEEL (242 Kai Strength Level) 
POU.IZATION STiS !» MimSD 

WATER AT 120 KSI APPLIED STRESS 
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